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Few examples are known in which chalcogenide clusters are assembled with organic ligands into
crystallographically ordered covalent superlattices even though molecular crystals of such clusters have
been known for decades. Here by using bifunctional organic ligands as the organizing force, semiconducting
tetrahedral chalcogenide clusters, Cd32S14(SPh)36, have been assembled into two-dimensional layers. In
addition, a dimeric unit consisting of two core-shell-like C17Se4(SPh)26 clusters bridged by two organic
ligands has also been synthesized. In these inorganic-organic hybrid assemblies, chalcogenide clusters
and bifunctional organic ligands are joined together through metal-ligand coordination bonds. A key
structural feature is the presence of two organic bridging ligands between the same two clusters (the
double-bridging mode). This work demonstrates the feasibility of creating organized nanocluster-ligand
superstructures through synthetic design of molecular clusters or bridging ligands.
Introduction
In the area of nanostructured materials, chalcogenide
clusters such as Cd17S4(SPh)282- and Cd32Se14(SePh)36(PPh3)4
occupy a position at the extreme lower limit of the size
spectrum of nanoparticles of which size-dependent properties
have been recognized as key to future technological ad-
vancement.1,2 Unlike colloidal nanoparticles, chalcogenide
nanoclusters have unique advantages resulting from their
precisely defined size and composition.3-6 In addition to
potential applications in nanotechnology, they could serve
as model systems and provide synthetic and structural
insights into the formation, structure, and properties of larger
colloidal nanoparticles and their superlattices that usually
have less well-defined structures.
Nanocluster superlattices that are periodic arrays of
nanoclusters represent a new class of materials that are
different from either individual nanoclusters or condensed
solids. The collective properties of nanocrystal superlattices
are dependent on individual clusters, cross-linking ligands
if present, and their spatial organization. For example, the
activation energy for electron transfer between nanoparticles
has been found to depend on the cluster-cluster distance in
the case of noncovalent linkage, and in the case of covalent
linkage, the transport properties of the spacer play an
important role.7
In addition to unique electronic and optical properties,
nanocluster superlattices may also have potential uses as
functional nanoporous materials because of their open
architecture. Unlike traditional oxide microporous materials
that are usually insulating, semiconducting nanocluster
superlattices may have useful optical or electrooptic proper-
ties. Such integration between uniform porosity and semi-
conductivity in nanocluster superlattices can lead to new
applications in areas such as shape- or size-selective pho-
tocatalysis and electrochemical solar cells.8
Currently, there are two common types of chalcogenide
nanocluster superlattices. In the first type, chalcogenide
nanoclusters such as Cd32S14(SPh)36(DMF)4 (DMF ) N,N-
dimethylformamide) crystallize through noncovalent interac-
tions to form molecular crystals.9-11 In such molecular
crystals, clusters tend to form closed packed structures, and
few routes are available to allow the assembly of these
clusters into different spatial patterns. In the second type,
nanoclusters (e.g., In10S186-, In16Cd4S3310-, and Cd17S4(SCH2-
CH2OH)26) are joined together through corner-sharing chal-
cogens (e.g., S2-, SPh-, and S32-) to form rigid covalent
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superlattices.12-18 One limitation with this approach comes
from the inflexible M-X-M angle (M) metal ions and X
) chalcogens) that places a significant constraint on the
number of topological types that can be achieved.
In this research, to overcome above limitations and to
expand compositional and topological diversity of nanoclus-
ter superlattices, we employ bifunctional organic ligands as
the organizing force to stabilize and assemble semiconducting
nanoclusters into crystallographically ordered superlattices.
The structural diversity of organic ligands, together with the
size, composition, and topological tunability of chalcogenide
nanoclusters, opens up a rich opportunity for the creation of
a variety of unprecedented nanocluster superlattices.
Prior to our work, few examples of the covalent co-
assembly between chalcogenide nanoclusters and organic
ligands exist. However, very recently, a series of one-
dimensional covalent superlattices were created from dif-
ferent cadmium chalcogenide clusters and organic ligands.19,20
In this work, among various bifunctional molecular ligands,
bipyridines have been selected to organize chalcogenide
nanoclusters into unique dimeric or two-dimensional super-
structures. In these inorganic-organic hybrid assemblies,
nanoclusters and bifunctional organic ligands are joined
together through metal-ligand coordination bonds. It is
further demonstrated here that organic ligands of different
length and rigidity can be used for co-assembly between
tetrahedral clusters and organic ligands, making it possible
to create organized nanocluster-ligand superstructures through
synthetic design of either nanoclusters and bridging ligands,
in addition to various patterns of joining them together.
Experimental Section
Synthesis.All materials discussed in this work were synthesized
under solvothermal conditions in the temperature range between
85 and 150°C. The solvents were mainly acetonitrile, water, or
their mixtures. Cd(SPh)2 and [N(CH3)4]2[Cd4(SPh)10], the sources
for Cd2+ and SPh-, were synthesized by the literature method.21,22
COV-5 CdS-TMDPy. A total of 0.168 g of (NMe4)2[Cd4-
(SPh)10], 85 mg of 4,4′-trimethylenedipyridine, 0.464 g of a 10%
Na2S2O3‚5H2O aqueous solution, and 10.119 g of water were mixed
in a 23-mL Teflon lined stainless steel autoclave and stirred for
∼20 min. The vessel was sealed and heated at 150°C for 3 days.
After cooling to room temperature, the filtered solid product was
washed with water and ethanol to give pure COV-5 CdS-TMDPy
crystals.
COV-7 CdS-BPEA. A total of 1.690 g of tetraphenylphospo-
nium bromide (PPh4Br), 1.940 g of thiourea, and 7.652 g of Cd-
(SPh)2 were mixed together with 100.093 g of acetonitrile and 9.141
g of water. After stirring for∼30 min, the mixture became a clear
solution. To a 25-mL thick-walled glass vial were added 2.990 g
of this clear solution, 0.094 g of 1,2-bis(4-pyridyl)ethane, and 0.245
g of water. The vial was sealed and heated at 85°C for 3 days.
After cooling to room temperature, COV-7 CdS-BPEA was
obtained in the form of pale yellow crystals.
COV-8 CdSeS-TMDPy.To a 23-mL Teflon lined stainless steel
autoclave were added 0.214 g of 4,4′-trimethylenedipyridine, 0.017
g of Se, 0.168 g of (NMe4)2[Cd4(SPh)10], 2.690 g of acetonitrile,
and 0.420 g of water. After the mixture was stirred for∼20 min,
the vessel was sealed and heated at 110°C for 5 days. After cooling
to room temperature, a mixture of COV-8 CdSeS-TMDPy and
COV-9 CdSeS [Cd17S4(SPh)26] was obtained.23
Single-Crystal Structure Analysis.Each crystal was glued to
a thin glass fiber with epoxy resin and mounted on a Bruker APEX
II diffractometer equipped with a fine focus, 2.0 kW sealed tube
X-ray source (Mo KR radiation,λ ) 0.710 73 Å) operating at 50
kV and 30 mA. Data collections were conducted at temperatures
of either 90 or 150 K. The empirical absorption correction was
based on equivalent reflections, and other possible effects such as
absorption by the glass fiber were simultaneously corrected. Each
structure was solved by direct methods followed by successive
difference Fourier methods. Computations were performed using
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(2) Å, b ) 41.050 (2) Å,c ) 45.218(2) Å,V )70492(6) Å3, Z ) 16,
T ) 150 K, 2θmax ) 50°, R(F) ) 12.13% for 661 parameters and
15 539 reflections withI > 2σ(I). The high R(F) is due to the
disordered phenyl groups in the structure. COV-9 has a covalent open-
framework structure consisting of two interpenetrating diamond-type
lattices in each of which [Cd17Se4(SC6H5)26] (C1) clusters occupy the
tetrahedral node and are connected through corner-sharing-SPh
groups.
Table 1. Summary of Crystallographic Data for Co-Assemblies Synthesized in This Study
namea COV-5 CdS-TMDPy COV-7 CdS-BPEA COV-8 CdSeS-TMDPy
cluster type C2,1 CdS C2,1 CdS C1 CdSeS
cluster compositionb Cd32S14(SPh)36L4 Cd32S14(SPh)36L4 Cd17Se4(SPh)26L2
space group P21/n P21/c P21/c
a (Å) 22.0477(2) 22.6957(4) 32.028(6)
b (Å) 61.0454(7) 21.8142(4) 27.889(6)
c (Å) 22.2861(3) 57.6612(10) 42.198(9)
â (deg) 94.011(1) 93.245(1) 99.636(5)
R(F) 5.69 5.43 7.68
a TMDPy ) 4,4′-trimethylenedipyridine, C13H14N2; BPEA ) 1,2-bis(4-pyridyl)ethane, C12H12N2. b L ) pyridyl at the tetrahedral corner. The number of
ligand molecules per formula unit is half of the number of pyridyl groups.
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SHELXTL, and final full-matrix refinements were againstF2. The
crystallographic results are summarized in Table 1.
Results and Discussion
Tetrahedral Chalcogenide Clusters as the Inorganic
Building Blocks. Chalcogenide nanoclusters that serve as
structural building units here belong to a series of tetrahedron-
shaped clusters termed capped tetrahedral clusters denoted
as Cn.5 The Cn series is one of three series of tetrahedral
clusters commonly observed in open-framework chalco-
genides. Two other series are known as supertetrahedral
clusters (Tn) and penta-supertetrahedral clusters (Pn). Be-
cause of geometric relationships among these clusters, the
general stoichiometry of Pn and Cn clusters can be derived
from the stoichiometry of Tn clusters (Table 2).5,16
The first member (denoted C1) in the Cn series contains
17 metal sites (e.g., [Cd17S4(SPh)28]2-) while the second
member (denoted C2) contains 32 metal sites (e.g., Cd32S14-
(SPh)36‚4DMF).3,9 Note that the anionic sites at four corners
can sometimes be partially (for Cd-8 or Cd-17 clusters) or
completely occupied with neutral ligands (e.g., Cd32S14-
(SPh)36‚4DMF),9 which serves to reduce the negative charge
per cluster.
While the core of a Cn is a regular fragment of the cubic
zinc blende type phase, its four corners are barrelanoid cages
possessing the characteristics of the hexagonal wurtzite type
phase. For Cn clusters, each barrelanoid cage [Cd4(SPh)3S]
at one of four corners can be independently rotated (around
the threefold axis of the tetrahedron) by 60°, which results
in four additional series of tetrahedral clusters denoted as
Cn,m clusters (forn ) 1, however, only one corner can be
rotated). The integerm refers to the number of corners that
have been rotated from their original position in parent C
clusters. While Cn clusters are well-known, examples of
Cn,m clusters were rare prior to our work.
Two-dimensional structures reported here consist of Cd-
32 clusters with one barrelanoid cage rotated, and such
clusters are thus denoted as C2,1 (Figure 1A). In addition,
core-shell-like Cd-17 clusters (C1, Figure 1B) have also
been synthesized as building blocks in a dimeric assembly.
Factors Affecting Co-Assembly between Chalcogenide
Clusters and Bifunctional Ligands. A key factor that
controls the connectivity and assembly of chalcogenide
clusters is the charge on each precursor cluster and the charge
on each ligand. In this work, the charge per cluster is
determined by the size of the cluster, and the charge of the
ligands is chosen to be neutral. In a simple composition in
which the cluster is only terminated with negative-SPh
groups (e.g., Cd17S4(SPh)282-, Cd32S14(SPh)404-), the charges
on Cd-17 and Cd-32 clusters are-2 and-4, respectively
(Table 2). In principle, up to four terminal-SPh groups can
be replaced with neutral bridging ligands; however, the
consideration of charge poses a limitation on the number of
terminal-SPh groups that can be substituted. Because under
solvothermal conditions the formation of positive clusters






















C0 Cd8S(SPh)162- 1 0 12 4
C1 Cd17S4(SPh)282- 4 0 24 4
C2 Cd32S14(SPh)404- 10 4 36 4
C3 Cd54S32(SPh)528- 20 12 48 4
C4 Cd84S59(SPh)6414- 35 24 60 4
C5 Cd123S96(SPh)7622- 56 40 72 4
C6 Cd172S144(SPh)8832- 84 60 84 4
C7 Cd232S204(SPh)10044- 120 84 96 4
C8 Cd304S277(SPh)11258- 165 112 108 4
C9 Cd389S364(SPh)12474- 220 144 120 4
C10 Cd488S466(SPh)13692- 286 180 132 4
a A Cn cluster consists of a regular Tn cluster at the core covered on
each face with a single sheet of atoms called the T(n + 1) sheet. In addition,
each corner of the Tn cluster is covered with a MX group. The T(n + 1)
sheet is defined as the bottom and the largest atomic sheet of a T(n + 1)
cluster. For a Cn cluster with the formula MaXb, a ) n(n + 1)(n + 2)/6 +
4(n + 1)(n + 2)/2 + 4 andb ) (n + 1)(n + 2)(n + 3)/6 + 4(n + 2)(n +
3)/2 + 4. Note that the number of metal sites is equal to the total number
of anionic sites in the preceding member. Here, M is usually a divalent
metal cation and X is a combination of divalent S2- (Se2-) and SR- (or
SeR-). b The number of tetrahedral S2- sites is the same as the number of
metal sites in the T(n + 1) cluster, i.e., (n + 1)(n + 2)(n + 3)/6. c The
tricoordinated S2- sites are located on four T(n + 1) sheets. The
tricoordinated S2- sites in a T(n + 1) sheet is equal to the number of metal
sites in a T(n - 1) sheet. The latter is equal to T(n - 1) - T(n - 2) ) n(n
- 1)/2. The total per cluster is 2n(n - 1). d The edge-SPh sites are located
on four T(n + 1) sheets and are equal to 4(3n + 3).
Figure 1. Two different tetrahedral clusters synthesized in this study. (A) The C2,1 cluster in COV-5, and COV-7 has one corner barrelanoid cage rotated.
(B) The C1 cluster in COV-8. Green sphere, Cd2+; orange sphere, S/Se; blue sphere, nitrogen in the pyridyl group. Carbons in-SPh and bridging bipyridines
are omitted for clarification.
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has never been observed and is unlikely to form, only two
corners of Cd-17 clusters are available for cross-linking
whereas Cd-32 clusters can use up to four corners for cross-
linking when neutral ligands are employed.
In addition to charges of clusters and ligands, the number
of donor atoms on each ligand is also expected to control
the assembly and dimensionality of the resulting structures.
This work focuses on the use of bidentate ligands (bipyridines
in particular).
Co-Assembly between Chalcogenide Clusters and Bi-
functional Ligands. Through temperature control, in com-
bination of the optimization of other synthetic parameters
such as solvent and molecular precursors, large Cd-32
clusters (C2,1) have been stabilized under solvothermal
conditions and co-assembled into two unique two-dimen-
sional superstructures (Figure 2). The common structural
pattern in these two-dimensional co-assemblies is the pres-
ence of a dimeric unit formed by connecting two Cd-32
clusters through two ligands. The formation of such dimeric
units leaves four “free” corners (for each dimer) for cross-
linking with other dimers. Each dimer behaves like a pseudo-
tetrahedral unit and is joined to four adjacent dimers through
four cross-linking ligands to form two-dimensional arrays.
Thus, these two-dimensional patterns result from the com-
bined use of single and double organic bridges between
inorganic nanoclusters.
Different bridging ligands can be used for the co-assembly
process. In COV-5, TMDPy molecules are used as ligands
to bridge C2,1 CdS clusters, whereas in COV-7, C2,1 CdS
clusters are jointed through shorter 4,4′-bipyridylethane.
One unique situation is the formation of an isolated dimeric
structure. In COV-8, two Cd-17 core-shell-type CdSeS
clusters are connected by two TMDPy molecules into an
isolated dimer (Figure 3), which subsequently crystallizes
into a molecular crystal. Such a dimeric structure illustrates
the range of structure types that are accessible through the
synthetic method reported here.
Figure 2. Two-dimensional organization of Cd-32 clusters. (A) In COV-5, C2,1 CdS clusters are connected by 4,4′-trimethylenedipyridine. (B) In COV-7,
C2,1 CdS clusters are joined by 1,2-bis(4-pyridyl)ethane molecules. Figures in the second row show the stacking of layers.
Figure 3. Bridging the gap between discrete clusters and extended covalent
assemblies. In COV-8, core-shell-type Cd17Se4(SPh)26 clusters are bridged
through two TMDPy molecules into a dimer.
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Conclusion
The use of bifunctional organic ligands as linkers has been
demonstrated as an efficient approach to create zero- and
two-dimensional assemblies of chalcogenide tetrahedral
nanoclusters. Materials reported here represent just a few
examples among many possible superlattices that are acces-
sible through the synthetic approach reported here. This
approach holds great promise for the synthetic design of a
variety of novel nanocluster superlattices in which the
structures and compositions of both nanoclusters and mo-
lecular ligands can be tuned to optimize desirable properties.
The synergetic effect resulting from the molecular-level
integration of optically and electrooptically active inorganic
and organic components could lead to new applications that
are not accessible with individual nanostructures or their
noncovalent assemblies. The remaining challenges include
the use of negatively charged, multidentate, or electronically
and optically active ligands to create three-dimensional
organic-inorganic nanocluster superlattices.
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